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Introduction

22
Offshore wind turbines are considered an attractive option in the solution of many issues 23 associated with onshore turbines (Skaare et al. 2007 ). In addition to steadier breezes and 24 higher annual mean wind velocity, they can also guarantee higher energy efficiency. In waters 25
that are approximately 20 m deep, offshore wind turbines are typically installed on piled or 26 gravity-based foundations. On the other hand, floating foundations are required to support 27 wind turbines in waters that are 50-80 m deep. No shallow waters exist on the west coast of 28 the US and nearly 60% of the estimated US offshore wind facilities are located in waters that 29 are 60m deep or more (Musial and Ram 2010) . Moreover, for aesthetic reasons, it is 30 sometimes desirable to locate the turbines far off the coast where they cannot be seen. 31 Therefore, the floating offshore wind turbine (FOWT) technology is becoming a strong 32 candidate for the extraction of the majority of offshore wind energy in the US (Martin 2011) . 33 Different FOWTs concepts and prototypes have been developed during the last few decades. 34
In particular, three main concepts can be identified based on the way the wind turbine is 35 stabilized, namely (i) tension leg platforms, (ii) spar buoy and (iii) barge FOWTs (Jonkman 36 and Matha 2011). Tension leg platform turbines are stabilized by taut vertical mooring lines 37 submerging a buoyant platform. In spar buoy systems, stability is achieved using ballasts that 38 lower the center of gravity of the turbines below the center of buoyancy. Finally, barge 39
The Morison approach for mooring-to-fluid interaction 113 As is generally done in the literature, the interaction of the mooring cables with the 114 surrounding water is accounted for in this work using the Morison If t is the tangent to the cable, the drag force and the additional inertia force act in the plane N 126 orthogonal to t (Fig. 1) . Note that fluid-cable interaction in the tangential direction is not 127 considered in this model. 128
The drag force takes into account the viscous terms related to skin friction drag and form drag. 129
Such force is proportional to the square of the relative velocity between cable and fluid, and its 130 direction is the same as that of the relative velocity vector. 131
The additional inertia force is composed of the Froude-Krylov force and the disturbance force. 132
The Froude-Krylov force is related to the pressure gradient in the accelerating flow around the 133 perimeter of the cable, and is equal to the product of the mass of water displaced by the cable 134 and the acceleration of the undisturbed flow. While investigating the behavior of mooring 135 lines in floating offshore wind turbines, Masciola et al. (2014) assumed that for large water 136 depths, water acceleration is typically negligible and therefore the Froude-Krylov contribution 137 to the inertia force can be generally omitted. On the other hand, the disturbance force is related 138 to the change of flow pressure due to the presence of the cable, and is equal to the product of a 139
given percentage of displaced mass of water and the relative acceleration between fluid and 140 cable. The latter contribution vanishes if the acceleration of the fluid is equal, in direction and 141 magnitude, to the acceleration of the cable. 142
Governing Equations
143
The governing equations of the 3D finite deformation beam model used in this paper are 144 presented, namely kinematics, equilibrium and constitutive equations. The considered 145 formulation is basically the one originally developed by Simo and Vu-Quoc (1986), and 146 extended by Oliveto and Sivaselvan (2014a) to include energy dissipation. However, a new 147 aspect is the introduction in the formulation of a model for the interaction between beam and 148 surrounding fluid. As described above this is based on the Morison approach. 149
Kinematics 150
The motion of the beam is defined uniquely by the position of the line of centroids, x0(S,t), 151 and a rotation tensor R(S,t), determining the orientation of a moving (current) frame ti(S,t), 152 attached to the cross section, relative to its initial (reference) position, Ei. In other words, 153 R(S,t) represents a rigid rotation of the cross section such that 154
The reference and current configurations of the beam, and their corresponding coordinate 156 systems, both defined with respect to a fixed global reference system ei, are shown in Fig. 2 . 157
Equations of motion 158
The equations of motion of the 3D finite deformation beam model considered in this work are 159
given by: 160 , the hydrodynamic forces fdrag and finertia will be taken as 171
Constitutive equations 174
By assuming large deformations but small strains, as is generally done in the literature, the 175 stress resultants in the reference configuration, N e and M e , are linearly proportional to the 176 corresponding strains Γ and curvatures Ω through a constant and diagonal elasticity tensor C 177 defined as 178 diag , 
where μ and η = retardation time constants transforming the elastic moduli E and G into 193 viscous constants, akin to stiffness proportional damping coefficients. 194
The constitutive equations, relating the total internal forces and moments to the corresponding 195 strains, strain rates, curvatures and curvature rates, are given by 196 leading to the definition of a tangent operator and a system of equations to be solved by an 213 iterative procedure of the Newton's type. In this process, extensions of Newmark's time 214 integration scheme and Newton's method to large rotations are used. Details of these can be 215 iteration counter is denoted by i, and the time step counter by n, the weak form of the 217 equations of motion at configuration
is given by: 218
The linear part of equation (15) is then given by 220
where ( )
, leads to the definition of a tangent 223
operator. This can be decomposed into the geometric and material stiffness terms, the inertia 224 term, the damping term, and two terms related to the addition of the hydrodynamic forces 225 For the derivation of the first three terms, the reader is referred to Simo and Vu-Quoc (1986; 227 1988) , and for the fourth term to Oliveto and Sivaselvan (2014a). The following section 228 describes the derivation of the terms related to the fluid-beam interaction. The subscripts n, 229 denoting that a quantity is evaluated at time tn+1, and the superscript i, denoting the Newton 230 iteration counter are dropped to alleviate the notation.
Fluid-beam interaction tangent operators
232
The tangent operators related to the fluid-beam interaction are obtained by differentiating the 233 hydrodynamic forces, fdrag and finertia, as follows: 234
Differentiating Eq. (6) gives 237 ( )
Considering that shear deformations are small, the velocity of the cable in plane N may be 239 written as 
Note that the hat notation denotes the skew symmetric tensor associated with a given vector. 247
Similarly, water velocity in plane N is given by 
Furthermore, differentiating Eq. (7) gives 253 
Moreover, from Eq. (30), the discrete added mass operator may be written as 288 
a a a R E I R E (40) 292
Finally, from equation (14), the discrete unbalanced force is given by 293
where 295 
Numerical examples
Free vibration of cantilever in water 305
The first numerical example consists of statically applying and then instantaneously releasing 306 a 5 cm vertical displacement at the free end of a cantilever beam immersed in water, which is 307 initially at rest. The beam considered is cylindrical and characterized by the following 308 parameters: length, L = 30 cm; diameter, D = 2 cm; Young's modulus, E = 1 MPa; Poisson's 309 ratio υ = 0.3; and mass density, ρ = 1000 kg/m 3 . 310
Analysis using proposed formulation 311
The beam was discretized in space using 60 two-noded (linear) elements. Reduced (one-point) 312
Gaussian integration was used for the evaluation of the internal force vector, the fluid-beam 313 force vectors, the material and geometric stiffness matrices, and the fluid-beam matrices, while 314 two-point Gaussian integration was used for the inertial force vector and the inertia matrix. 315
The parameters used in the time integration scheme were β=0.25 and γ=0.5. The vertical displacement history of the free end of the beam is plotted in Fig. 3 for the two 324 considered cases. The figure clearly shows the decay of motion due to the drag force and, as 325 expected, a period elongation due to the added mass. 326
The rate of convergence of Newton's method is given for several time increments in Table 1,  327 where the norm of the unbalanced force vector Pi at each iteration is listed. The reliability of 328 calculations was also assessed by verifying the energy balance. The sum of strain energy, 329 kinetic energy, drag energy and added mass energy should be constant and equal to the initial 330 strain energy prior to release. Fig. 4(a) and (b) show the energy components for the two 331 analyses considered. The energy error (Fig. 5) The added mass coefficient CM is seen to be in the range 1.3-1.7, justifying the use of a 366 constant value of 1.5 throughout the analysis. The drag coefficient CD appears to be in the 367 range 1.3-2.1 in the first half cycle of the response ( 0.5sec t < ), and in the range 2.6-4.5 for 368 the remaining part of the analysis, thus confirming dependence of the drag coefficient on thevariability of the drag coefficient explains the differences in Fig. 7 between the response 371 obtained by COMSOL and that of the proposed formulation, where a constant value of 3.0 was 372 used for the drag coefficient CD. 373
In Fig. 9 , the force at the fluid-beam interface given by COMSOL is compared to that obtained 374 with the proposed formulation and the agreement is satisfactory. 375
Dynamic behavior of a mooring cable 376
The following example deals with the analysis of a mooring cable of a typical floating 377 offshore wind turbine. The material and geometric properties of the cable were taken from 378
Jonkman (2010) unstrained cable, and then subjecting it to its own weight. The imposed horizontal distance 383 between the two supports of the cable was 848.67 m, whereas the vertical distance was 250 m. 384
Starting from this configuration, the right end of the cable, ideally connected to a floating 385 offshore wind turbine, was subjected to an in-plane horizontal excitation (Fig. 11) Gaussian integration was used for the evaluation of the internal force vector, the fluid-beam 394 force vectors, the material and geometric stiffness matrices, and the fluid-beam matrices, while 395 two-point Gaussian integration was used for the inertial force vector and the inertia matrix. 396
The time step used in the analyses was h=0.0125 s. Again, no viscous damping was considered 397 in the analyses to isolate the influence of fluid-cable interaction on the response of the cable. 398
The response in terms of displacements and axial force at midspan ("investigated point" in 399 Fig. 10 ) are shown in Fig. 12 and Fig. 13 . The damping effect of the drag force is clearly 400 visible both in the displacement and axial force time-histories. 401
The rate of convergence of Newton's method in each analysis is given, for several time steps, 402 in Table 2 5.15×10
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